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(57) Abstract 

The present invention provides systems utilizing fiber optics for monitoring downhole parameters and the operation and conditions 
of downhole tools. In one system fiber optics sensors are placed in the wellbore to make distributed measurements for determining the 
fluid parameters including temperature, pressure, fluid flow, fluid constituents and chemical properties. Optical spectrometric sensors are 
employed for monitoring chemical properties in the wellbore and at the surface for chemical injection systems. Fiber optic sensors are 
utilized to determine formation properties including resistivity and acoustic properties compensated for temperature effects. Fiber optic 
sensors are used to monitor the operation and condition of downhole devices including electrical submersible pumps and flow control 
devices. In one embodiment, a common fluid line is used to monitor downhole parameters and to operate hydraulically-operated devices. 
Fiber optic sensors are also deployed to monitor the physical condition of power lines supplying high electric power to downhole equipment. 
A light cell disposed downhole is used to generate electric power in the wellbore, which is used to charge batteries. 
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MONITORING OF DOWNHOLE PARAMETERS AND TOOLS 
UTILIZING FIBER OPTICS 

5 

BACKGROUND OF THE INVENTION 


1. Field of the Invention 


10 This invention relates generally to oilfield operations and more particularly to systems 

and methods utilizing fiber optics for monitoring wellbore parameters, formation parameters, 
drilling operations, condition of downhole tools installed in the wellbores or used for drilling 
such wellbores, for monitoring reservoirs and for monitoring of remedial work. 


15 2. Background of the Art 

A variety of techniques have been utilized for monitoring reservoir conditions, 
estimation and quantities of hydrocarbons (oil and gas) in earth formations, for determination 
formation and wellbore parameters and form determining the operating or physical condition of 
20 downhole tools. 

Reservoir monitoring jtypica^ in 
producing wellbores, such as temperature and pressure placed at various locations in the 

>i '• ..:!• ! ' I :■■ ■ ■<■ </■ ; i.. -\\ 

■ ■ ' •>.:•. 1 :|. ■ •.. iv .... 

producing wellbore, frequently over extended time periods. Wireline tools are most commonly 
utilized to obtain such meas^emen& which involves shutting, !<jown the production, for; 
2 5 extended time periods to determijie pressure and temperature gradients over time. 


Seismic methods wherein a plurality of sensors are placed on the earth's surface and a 

source placed at the surface or downhole are utilized to obtain seismic datawhich is then used 

j ' >i •■ i ... 

" - ;i ( .. . m l, . 'I.: 

.ft! •• > ... ...•:•*•» 

•}. A'\ 1 "... ' -j 

i • it'. . U. 

■ . r- J'A . : • I- .i I 


t. ■<-■• 
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Seismic methods wherein a plurality of sensors are placed on the earth's surface and a 
source placed at the surface or downhole are utilized to obtain seismic data which is then used 
to update prior three dimensional (3-D") seismic, maps, Three dimensional maps updated over 
time are sometimes referred to as seismic maps. The 4-1) maps provide useful 

5 information, about, reservoirs and subsurface structure. These seismic methods are very 

expensive. The wireline methods are utilized at great time intervals, thereby not providing 

. - :;. * S \ a -rU\ >:.y iv ■•: ■ ■ ■; 

continuous information about the wellbore conditions or that of the surrounding formations. 

■ ' "■ : ' ::. . \- 'V* ; : '.^r^-.-'i ■ f ,;,■>-* ." .a, 

Permanent sensors, such as temperature sensors, pressure sensors, accelerometers or 

«•.- .. * . . •**-■' f 'X:' ' » . c"; o: • . ?\^- M ;' 

hydrophones have been placed in the wellbores to obtain continuous information for 

10 monitoring wellbores and the reservoir. Typically, a separate sensor is utilized for each type of 
parameter to be determined. To' obtain' such "measurements from useful " segments of each 
wellbore, which may contain multiaterai 'weHbores, 1 requires using a large number of sensors, 
which require a large amount of power, data acquisition equipment and relatively large amount 
of space, which in malaises;!* 

15 In production wells, chemicals are often injected downhole to treat the producing 

fluids. However, it can be difficult tomonitor and control such chemical injection in real time. 
Similarly, chemicals are typically used at the surface to treat the produced hydrocarbons (i.e. 

break down emulsions) and to inhibit corrosion. However, it can be difficult to monitor and 

.«• ;vo \A > vrt k; :»j-j:o-: .f(gi! 9fH s.^tuz/c^ '..f>icr ; -"iij './^o. ?f:i y\ 

control such treatment in real time. 

' w :.:;■':?.-[ vsir ?r;i;:;t; i imii ;v -^-..r J" i v-j i. t tf:. s v "1J 

20 Formation parameters are most commonly measured by measurement-whUe-drilling 

: O :> . : * o " i.'f t ;~ or-. 3 • c.-ul x.'a\i o.j;?.^- •?..> i;. \ a ■ . i •*%- _ 

tools during the drilling of the wellbores and by wireline methods after the wellbores have been 

drilled The conventional formation evaluation sensors are complex and large in size and thus 

require la^e tools. ^ 

{; Prior art is also very defidentm r pro^ 

25 1 the condition or health of downhole tools); Tool* conditions should be monitored during the 
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,! Prior art is also, very deficient in providing suitable system and methods for monitoring 
the condition or health of downhole tools. Tool conditions should be monitored during the 
drilling process; as the tools are deployed in the weilbore and after deployment, whether during 
the completion phase or the productidn phase. 
5 The present invention addresses some of the above-described prior deficiencies and 

provides systems and methods which utilize a variety of fiber optic sensors for monitoring 
weilbore parameters, formation parameters, drilling operations, condition of downhole tools 
installed in the wellbores or used for drilling such wellbores, for monitoring reservoirs and for 
monitoring of remedial work. In some applications, the same sensor is configured to provide 
10 more, than one, measurement, in rnajw r instances these sensors are relatively, consume less 
power and can operate at-highe^.^j^^es^than the conventional sensors, , . fi , 

' > , . ' i6: «:;■;;• j ; v ^V/sii/pv-s r.v.r- }-v. >.t. . j?6 i:/ t ,;.> 

NUMMARY OB THE INDENTION i : ■ > 

.»"■ . L IV 0; 9'„\v»;.x.fc >*:^;nx r/jfift nzr; :■ ::.Jr.:o:> ;• '<j:: • 7k; 

15 The present iriverition provifeS r ^ber optics based systems and methods for monitoring 

downhole parameter^ and the condition and operation of downhole tools. The sensors may be 
permanently disposed downhole. The light source for the fiber optic sensors may be disposed 
in the weilbore or at the surface. The measurements from such sensors may be processed 

downhole and/or at the surface. Data may also be stored for use for processing. Certain 

. ;.?<.:,:' '■ - *V r v-Sn.V.' vd i:.iVf ? i f r-'; l;V> '-- :: - !|J '■ 

2 0 sensors may be configured to provide multiple measurements. The measurements made by the 
fiber optic sensors in the. present t |^^tip^,uucj^ temperature, pressure, flow, liquid level, 
V dUsplacernent, vibration, potation, acceleration, ., acpustic ^elocjt^.. chemical species, acoustic 
■ field, electric field, radiation,' pH^ humidity,- electrical /fidd^ , r«agnetic field, corrosion, and 
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density. 

In one system, a plurality of spaced apart fiber optic sensors are disposed in the 
wellbore to take the desired measurements. The light source and the processor may be 
disposed in the wellobre or at the surface. Two way c»rnmuhication between the sensors and 
5 the processor is provided via fiber optic links or by conventional methods. A single light 
source may be utilized in the multilateral ' wellbore coi&gurations: The sensors may be 
permanently installed in the wellbores during the completion Or production phases: The 
sensors preferably provide measurements of temperature; pressure and flow for monitoring the 
wellbore production and for performing reservoir analysis! 

10 

In another system the fiber optic sensors are deployed in a production weiltore to 
monitor the injection operations, fracturing and faults! Such sensbrs may also be utilized in the 

" injection well. Controllers ar6 provided to control the injection operation in response to the in- 
situ or real time measurements. 

15 In another system, the fiber optic sensors" are used to determine acoustic properties of 

the formations including acoustic velocity and travel time, ^e^parameters arVpreferably 
■c»mper^eS : for fte effects' W^attpm^ri^}^^ me Ll dbwnhole ^perature "sensor 
measurements. Acoustic measurements are use for cross-well tomography and for updating 
preexisting seismic data or maps. 

20 " " The* distributed sensors of this mvention^nd'paiticular utility in' the mohhoring and 
control of various diemicals wriicn 'are injected into the well. Such chemicals are injected 
downhole to address a large number of known problems such as for scale inhibition and for the 
pretieatment of the fluid being produced. In acwrdance with the present invention, a chemical 

4 
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injection monitoring and control system includes the placement of one or more sensors 
downhole in the producing zone, for measuring the chemical properties of the produced fluid as 
well as for measuring other downhole parameters of interest, These sensors are preferably 
fiber optic based and are formed, ftom a sol gel matrix and provide a high temperature, reliable 
5 and relatively inexpensive bj^cjatpr of the desired chemical, parameter. The downhole chemical 
sensors may be associated with a network of distributed fiber optic sensors positioned along 
the wellbor^ for measuring pressure, temperature and/or flow. Surface and/or downhole 
. controllers receive input from jthe^several, dpwnhple sensors, and in response thereto, control 
the injection of chemicals into the brothel. . . . . 

1 o The chemical parameters are preferably measured in real time and on-line and then used 

to control the amount and timing of the^jn^ectioii of the chemicals into, the wellbore or for 
. controlling a surface chemical treatment system. . ... ( t . j . 

An. optical spectrometer may t be ,used downhole to ^dtferrnine fhe properties of 
downhole fluid. The spectrometer includes a quartz probe in contact with the fluid. Optical 

15 energy provide^ tpLj0ie t p^>q$>c^. fpe^ra^ij^fimn a downhole. source. The fluid properties such as 
: the,den^tv,.amounJ: <of pU, .water, gas and r spUd contents aff*ect the refraction of the light. The 

. permanently installed downhole. 

The fiber optic sensors are also utilized to measure formation properties, including 
20 resistivity, formation acoustic velocity. . Other measurements may, include electric field, 
radiation and magnetic field. Such measurements may be made with sensors installed or placed 
f in the wellbore for monitoring the desired fqimation rjarameters. Such sensors are also placed 
in the,4riH string, particularly in the bottom hole assembly to provide the Reared measurements 
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during the drilling of the wdlbore. ■ " * - 'Site*-' z i - 

In another system, the fiber optic sensors are used to monitor the health or physical 
condition and/or the operation of the downhole tools. The measurements made to monitor the 
tools include one or more of (a) vibration, (b)' noise (c) strain (d) stress (e) displacement (f) 
5 ' flow rate (g) mechanical integrity (h) corrosion (i) erosion Q) scale (k) parafiBn and (1) hydrate. 

Examples of the more important features of the invention have been summarized rather 
broadly in order that the detailed descriptionthereof that foUows jnaylbe abetter understood, 
and in order that the contributions to the^artvmaybe appreciated! There are, .of course, 
additional features of the invention that will beidescribed hereinafter, and which will. form the 
10 subject of the claims appended hereto. " : trJr -j'' ;r - . ' v f : 

r -j BRIEF DESCRIPTION OF^FHE DRAWINGS 

■ • - For a detailed understanding of tfepres^mvention, reference -should be made to the 
1 5 following detailed description of the preferred embodiments, taken in, conjunction with . the 
accompanying drawings, hi which like elements have been given like numerals, iwherein: 

Figure 1 : shows a schematic iUustMon of a multilateral wellbore system and placement 
.'j of fiber optic sensors according to one embc>diment of the present inventioa' : . 
20 Figure 2 shows a scheniatic-ilhistration of;ar configurations of wellbores using fiber- 

optic sensor arrangements according to the present invention to: (a) to detect and monitor 
.> compresave" -stresses 1 exerted on wellbonvcasings .and .formations; (b) determine the 
effectiveness of the injection process arid in-situ control of the injection operations, and (c) 
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make acoustic measurements for cross-well tomography and to generate and/or update 
subsurface seismic maps. 

Figure 3 is a schematic illustrating both an injection well and a production well having 
i sensors and flood' front running between the wells and loss through unintended fracturing, 
fv Figure 4 is a schematic representation wherein the production wells are located on 

either side of the injection well: , : v . 

* .« Figure S is a schematic. illustration of alchemical injection monitoring and control 
; system utilizing' a distributed sensor arrangement and downhole chemical monitoring sensor 
^system in accordance with one embodiment of the present invention;; 
10 Figure 6 is a schematic illustration of a fiber optic sensor system for monitoring 

chemical properties of produced fluids; 

Figure 7 is a schematic Ulustratipn^f afiber optic sol gel indicator probe for use with 
the sensor system of Figure 6; 
V . Figure 8 is a schematic illustration: ,of a surface treatment system rn accordance with 
15 1 the present invention; and .\ • . ^ : l:w . ; 

i-i Figure 9 is a 1 schematic of a control and monitorihg system for the surface treatment 
system of Figure 8. 

> ' Figure 10 is a schematic illustration of /a wdlbore-system whereb a 
fluid conduit along a string placed m th©-welIbore:is utilized for activating a hydraulically- 
2 0 operated device and for monitoring downhole parameters using fiber .optic sensors along its 

l< length.' i'.: m ::iq **d* - 1 -r • < : 

■• : - Figure 11 shows a schematic diagram of a producing well wherein a fiber .optic cable 
with sensors is utilized to* determine the condition or health of downhole devices and to make 
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measurements downhole relating to such devices and other downhole parame'ters^ 

' Figure 12 is a schematic illustration of a wellbore "system ( wherein electric power is 

generated downhole utilizihg a light cell for iisein operating sensors and devices downhole. 

Figure 13 is a schematic illustration of a wellbore 'system' wherein a permanently 
5 "installed dectrically-operated device is monitdred and'operated by a fiber optic based system 
' 1 Figures 14A and 14B show a method to avoid: drilling wellbores top close to or into 
each other from a common platform utilizing Fiber optic sensor in the drilling strihgi o .': 4 

Figure 14C is schematic ifliistratiori *6f r i bbttomhole assembly for use in drilling 
wellbores that utilizes' with aliumbef of fiberoptic sensors for measuring" 1 various downhole 
10 parameters during drilling of the wellbores. \ ^ - • ~ - C . 

DETAILED DESGRIPTtON'O? PREFERRED EMBODIMENTS 

- Figure 1 shSws ah exemplary mairfbrpnrnary^W 12 formed from the surface 14 

15 and lateral wellbores 16 and /i8 f fbrmed from the main ; wellbore M.1 For the purpose ;of 
' explanation, ; arid not as any MtatidrVtHe'mamSwe^ 

formation or pay 7 zoriV I and' partly ' : in^n5i^rbducing^foimalion or: ^formation: II The 
: j 1 lateral wellbore 16 extends from the T maihi wellbore 12' at a juncture 24 into a' second producing 
2M : formation HL For the purposes' of fflusfai^OiV 1 the wellbores herein are shown drilled from 
* 20 land, however,' this mvention'is'equa^ welibores. It should be noted 

4 that all wellbore cdrifiguratidns shown and described herein are to illustrate the concepts of 
present invention and shall not be construed to limit the inventions claimed herein. 

In one application, a number of fiberoptic sensors 40 are place in the wellbore 12. A 
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single or a plurality of fiber optic sensors 40 may be used so as to install the desired number of 
fiber optic sensors 40 in the wellbpre 12. As an example, Figure 1 shows two serially coupled 
fiber optica segments 41a and 41b^ each, containing a plurality « of spaced apart fiber optic 
sensors 40. A light source and detecfcor (LS) 46a coupled to an end 49 .of the segment 41a is 
5 disposed in the wellbore 12vtQ: transmit.. light ^energy to the sensors 40 and to receive the 
reflected light energy from the sensors 40; A data acquisition and processing unit (TDA) 48a 
(also referred to* herein as a "processorT or "controller'') may be disposed downhole to.control 
j; the operation vbf ;the sensors 40, . tp ( process rdownhole sensor, signals and data, and to 
■ communicate with other , equipment jand devices, including, devices in the wellbpres ,or at the 
10 surface (not shown). \^ , " • 

Alternatively, a light source 46b and/or the data acquisition and processing unit 48b 
may be place at the surface 14: Simiia%i^ may be disposed in other 

wellbores in the system, such as wellbores 16 and wellbore 18. A single light source, such as 
. the light source,46a or 46b mayybe:Uli^/pr .all (iberoptic sensors in the various wellbores, 
* 15 ' such as shown by dotted^ lire 

v;h .6irayt.beiused dbwjnhole- at the surfai^fi^fin^mbinatipn;^ Since the same sensor may make 
.'different -types) of rae^suretfents^m^ 48a or, ^8 is, programmed to 

• multiplex the,measurement; Also^4iffer#?t types .pf^sensprs may be multiplexed as. required. 
Multiplexing techniques are know ^th3^^nd;afe, ^..not.descr&ed in detail herein. The 
20 data acquisition,/ imijl. 4^ sensors . 40 

autonompusly;.orupon receiving C()raman4 jsignaJs Trpm^the surfece ^ or,a.(^mbination of these 

methods. ■ : .■ y<> ■: '■ ;i ■*■ ;:, :ki u b'nr-x:: co j ■ 'o. ,■ ; • »: 

The sensors 40 may be installed in. the wellbores 12, 16., and 18 before or after 
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installing casings in wellbores, such as casing 52 shown installed in the wefibdre 12. This may 
be accomplished by connecting the strings 41a and 41b along the inside of the casing 52. In 
one method, the strings 41a arid 41b may be deployed or installed by robotics devices (not 
shown). The robotics device would move the sensor strings 41a and 41b within the wellbore 
5 12 to the desired location and install them according to programmed instructions provided to 
the robotics device. The robotics device may also be" utilized to replace a sensor, conduct 
repairs retrieve the sensors or strings to the surface 'and monitor' the' operation "of downhole 
sensors or devices and gather data. Ahernauvely, the fiber optic sensors 40 maybe placed in 
the casing 52 (inside, wrapped arounaVor m the casing wall) at the surface while individual 

10" casing sections (wlucnVe typicairy about fef^-fobt iohg)' are joined prior to conveying the 
casing sections into the borehole. Stabbing techniques for joining casing or tubing sections are 
- known in the art and are preferred over rotational joints because stabbing generally provides 

' ' better alignment of the end couplings ' 42' and also 'because 'it 'allows operators to test and 
inspect optical connections i between sej^enfe for^prbper two-way "Wahsrnission'of light energy 

1 5 through the entire string 41 . For coiled tubing applications, the sensors may be wrapped on the 
outside or placed iii conduit inside the tuning. Ijght sources ahcl data acquisition unit may also 
be placed in the coiled tubing prior to or after deployment. 

" thus,' in the s^eW described in Figure 1,' a plurality of fiber optic sensors ^40 are 
installed spaced apart in one or more wellbores, such as wellbores 12, 16 and 18. If desired, 
20 each fiber optic sensor 40 can be configured to operate in more than brie mode to provide a 


number of different measiirerhents. The light' source' 46a,' and data detection 'and acquisition 
system 48a may be placed downhole or at the surface. Although each fiber optic sensor 40 
" may provide measurements for multiple parameters, 1 such sensors are s^l relatively small 

10 
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compared to , individual commonly used single measurement sensors, such as pressure sensors, 
stain gauges, temperature , sensors, flow measurement devices and acoustic sensors. This 
. enables making a large number of different, types of measurements utilizing relatively small 
downhole space. Installing data ; acquisition s and processing devices or units 48a downhole 
5, allows making a large number of data ; computations and processing downhole, avoiding the 
need of transmitting large amounts of data to the surface. Installing the light source 46a 
downhole allows locating the source 46a close to the sensors 40, which avoids transmitting 
: „ light to great distances from the surj^ce , thus avoiding loss of light energy. The data from the 
downhole acquisition system 48a may be transmitted to the surface by any suitable 
10 communication links or method including optical fibers, wire connections, electromagnetic 
telemetry and acoustic methods. Data and signals may be transmitted downhole using the 
same communication links. Still in spme apppcations, it may be desirable to locate the light 
source 46b and/or the, data acquisition and processing system 48b ^ft the surface. Also, in 
, some case^ it may ^ more .a^ process data downhole and partially at 

.15 the surface. ., ■ 

. ; - .-.-^ r.„v ••.;> vr/:r *i.v .-,\ : ?.:iO-: :;•.»* ynr/jj i '0 : I. ■ > . 

In. the present invention, the, fiber optjc sensors 40 may be configured to provide 
measurements for temperature, pressure^ flow^ liquid ^ level, d^lace^nen^ .vibration, rotation, 
.acceleration, velocity, chemical specie^ rad^tion^pH, humidity, electric fields, ^acoustic fields 
. and magnetic fields. . 
20 r Still referring to Figure ^ 1, any number of 

herein by numeral 60, may be disposed in any of the wellbores 12, 16 and 18. Such sensors 
may include sensors for determining resisti^^ of fluids an^d forniations, garnrna rays sensors 
and hydrophones. The measurements from the fiber optic sensors 40 and sensors 60 may be 
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combined to determine the various conditions downhole. For example flow measurements 
from fiber optic sensors and the resistivity measurements from conventional sensors may be 
combined to determine water saturation or to determine 7 the oil/ gas an water content. 
' Alternatively, the fiber optic sensors may be utilized to determine the same parameters. 
5 In one mode, the fiber optic sensors are permanently installed in the wellbores at 

' selected locations. In a producing weflbore, the sensors 1 continuously or periodically (as 
' programmed) provide the pressure and/or temperature and/or fluid flow measu^ Such 
measurements are preferably made for each producing zone in each of the wellbores. To 
perform certain types of reservoir analysis, 1 it is required to know the temperature and pressure 
16 build rates in the wellbores. this retnaires measuring the ternperatureahd pressure at selected 
locations downhole over extended time period 'after-shutting down 'the well at the surface. In 
trie prior art methods, the well is'shut down at the ! surface; a wireline tool is' conveyed in to the 
' *' v weUb6r6'arid positionieii' at one location iri%e^wellbofe. The tool continuously measure 
1 ' temperature and pressure arid may piovide^ome^inea^^ control. These 

15 measurements are then utilized to perform reservoir aMysis/ which may include determining 
the extent of the hydrocarbon reserves rerham^ a 'field, ' flow character fluid 
from the producing formations, water cx>merit?etc. v '- ,: 0C;Tc ° 1 0. 1 :! Jnc t - f . 

i v ... > b.- j}j e ' abbve^escnbed prior art methods db r noi pr6vide s coritmu6us measurements while 
the well is producing and r«ruires special wireline tools that must be conveyed downhole. The 
20'" -'presem-'mventtoni'bn 'the other hanoV : prwa , es r while the weilbore is 

producing. The fluid flowmformation from eacfa zone is used to determine the effectiveness of 
' each producmg' zone? °D^easing flow 'rates over time 'may indicate problems with the flow 
control devices, such as screens ami sliding sleeves/or clogging of the perforations and rock 

12 
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matrix nearothe wellbore. This infoirnation js used to determine the course of action, which 
may include.iurt^er oper^g^r closing sliding sleeves, to 'increase or decrease the production 
rate, remedial work, such; as cleaning or reaming operations, shutting, down a particular zone, 
etc. The temperature and pres^e measu^ continually monitor each 

5 production zone and to update reservoir models. To make measurement for determining the 
temperature and pressure buildup rates, ; the wellbores are shut down and making of 
measurements continues. This does not- require transporting : ,wireline tools to the location, 
. whichcan be very expensive for offshore wellbores and weUbores drilled, in remote locations. 
Further, the in-situ measurements ; an^computed data can .be commiinicated.to a central office 
10 or to the offices,; of log anaV reservoir erigtoeeis .via, satellite.... .This continuous .monitoring, of 
wellbores allows .taking relatively .jqujck action, which can significantly^ improve the 
hydrocarbon production from the wellj?qres. : T^e, above described rneasurements may also be 
taken for non-producing zones, such ^ zone ^Jp .aid in reserv^ir .m^ *q, determine the 
i effect of production .from .yarwus ; .w«l^re^on.the field in which the wellbores are drilled. 
1 5 Optical spectrometers* as described later : jnay : be used to determine, the constituents of the 
, foiroatipnjfl^ Ere^ence of gas may be detected 

to prevent blow-outs or to take omera^ons. r :)K ^ .g.^ij^ i-->y\ 
; . r . r ; Figure 2.shQws,.a plur^ty : ^weJ>ores 4Pfand 196 fontied-in.-^ field 101 from 
the earth's surface .110. The weUbore^^ figure : 2^.000%^. to,.to9^ r the'w of the 
20 fiber-optic ser^ airangem^ detect.cqmpressive 
stresses exerted into: weBbore ^casings due to- depletion of jrydfjoeartons or .pther, geological 
phenomena; (b> detejrnine #e ^ in-situ monitoring 

and control of ; such operations, r ^d: ; ,(c)f make, acoustic .measurements for cross-well 

13 
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tomography and to generate arid/or update subsurface seismic maps: : ' J A f r " : ' v 

As an example only, and not as any limitation, Figure 2 shows three wellbores 102, 
104 and 106 formed in a common field or region of interest 101: For the purpose of 
illustration, the weflbbres 102, 104 and 106 are shown lined with respective casings 103, 105 
5 and 107. * Wellbore 102 contains a string 122 of m^^ptic sensors 40. The signals and data 
between the downhole sensor strings 122 and the surface 110 are communicated via a two-way 
telemetry link 126. The casing 103 may be rhade by coupling or joining tabulars or casing 
sections at the surface prior to their insertion Timer the wellbore 102: The casing 1 joints are 
shown by numerals 120a-n, whicti as indicated i are typically about' forty (40) feet apart! Coiled 
10 tubing may also be used as the casing.' ^ : ; >J ' 1 7 ? Zl< " * 0 

The weUboie 102 has a production zone 130 from which hydrocarbons are produced 
'via perforations 132 made in the casing 103. The'production zone 130 depletes as the fluid 
flows from trie prod^ 

rate of fluid depletion in the' fbnnanons s^bunamgthe T^rbaucbon zone 130 <may be greater 
15 than the rate at which fluids can'migrate into tf^ fermatibn td fill the dejpletefr 'pores. The 
weight of the formation 138 above uWpib&cuW 130. 
If the pressure 134 is grater than what thd rock matrix of the zone 13if'ca^sur^rt^it starts to 
"** collapse; thereby^ exerting' compressive sttess P bn'&e casing 103/ If me compressive stress is 
excessive, the casing 103' may break at one or more of the casing joints' 102a-n; Incase of the 
' 2 0 coiled t^irig, Vir^'bucUe or cbnipse dfie to : 'ffiesses." 1 TCe Wesses can r also occur due to 
natural geological 'changes, such as shifting ^f the 'subsurface strata or due to deletion by other 

■ - ' To deted corhpressive stresses m ine casing 103j the'fiber optic sensors 40 may be 
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operated in the mode ; that provides strain gauge type of measurements, which are then utilized 
. to determine the extent of the compressive stress on the casing 103. Since the sensor string 
122 spans several joints, the system can be used to determine the location of the greatest stress 
in the casing 103 and the stress: distribution along any desired section of the casing 103. This 
5 information may be obtained periodically or. continuously during 4 the life of the wellbore 102. 
. , Such, monitoring ..of stresses provides early r warning about the casing health or physical 
condition and the condition of ,the zpne,130. This information allows the operator of the 
wellbore 102. to either decrease the production from the wellbore 102 or to shut down the well 
bore 102 and take remedial measures.to, correct the problem. 
10 The use of the fiber optic sensors to determine the effectiveness of remediaj operations, 

. such as fracturing or mjecUon^ will be ^espribed^ whUe referring to ? wellbore^ and 106 of 
Figure 2. Wellbore . 104 is shown located jt.a. distance. ^di w frotm^e welfepre. JQ? ; and the 
wellbore 106 at , a.distance "dtf fronvthe wellbore 104. , A .string 124 pntaining a number of 
.^spaced apart- fiber-optic sensors 40 is ^dispose^ in the wellbore 104 ; Ihe. ; length ofjthe string 
1 5 124 and the number of sensoK < 40 ! and.their spacing . depends upon the specific application. The 
. . < : . Jgnajs and data between the string 12$ and a surface equipment 151 are cpmmunicated over a 

. ; For. we, piirpose i of illustration and. not ,a&any limitation,. me weU^^ 
• utilized for injectipn purposes. The wellbpre 106 contains perforated .zone 160. The, wellbore 
20 is plugged by a packer or .any other suitable ^eyice. 164 below, ^e f perforations to prevent fluid 
. flow beyond or downhole of, the packer- 164, r To !f pejfiMqm.an injection operation, such as for 
fracturing the formation around the wellbore 106 or to stimulate the production from other 
wellbores in the field ,101, such as,.the wellbore 104, a suitable fluid 166 (such as steam) 

15 
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migrates toward the weflbore 104 and may create a fluid wall 107a. This causes the pressure 
across the wellbore 104 and fluid flow from the formation 180 into the wellbbre 104 may 
increase/ Fracturing of the formation 180 into the' wellbbre 104 may increase. Additionally, 
l " the fracturing of the formation 180 generates seismic waves^ Which generate acoustic energy. 
5 " The fiber optic sensors 40 along with any other desired sensors disposed in the wellbore 104 
' measure the changes in the pressure, temperature, fhucfflow, acoustic signals along the 
wellbore 104. The sensor measurements (signals) are processed to determine the : effectiveness 
of the injection operations. For example, the change in pressure^' fluid flow at the wellbore 104 
and the time and amount of injected material can b e used to determine the defectiveness of the 
i 0 mjection operations. Also^ acoustic signals received at tne wellbore provide useful information 
about the extent of fracturing of the rock matrix of fbrmatibn 180. Also, the acoustic signals 
received at the wellbore provide useful information about the extent of fracturing of the rock 
~" matrix 'for the foimation 100. : The acoustic "signal 'analysis' is used to determine whether to 
increase or decrease the pressure of the injected fluids 166 or to terminate the operation. This 
15 method enables the operators to continuously monitor the effect of the injection operation in 
one wellbore, such as the wellbore 106, upon the btiier 'weUbores' in uV field, suctfas" wdlbore 
104. 

The sensor configuration shown in figure 2 may be utilized to map subsurface 
formations! In i one' method, an acou^c"sburW^A^) l i70, such as a vibrator or an explosive 
& 20 charge^ is activated at "the surface 110. tte sensors 40 in the wellbdres 102 and 104 detect 
acoustic signals which travel from the source 170 to the sensors 40 through the formation 180. 
These signals are processed by any of the metnodskhown in the art to map the subsurface 
formations and/or update the existing maps, which are typically obtained prior to drilling 
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wellbores, such as wellbores 102 and 104. Two dimensional or three dimensional seismic maps 
are commonly obtained before drilling wellbpres. The data obtained by the above-described 
method is used to update such maps. Updating three dimensional or 3D maps over time 
provides what are referred, to in the oil and gas industry as four dimensional or "4D" maps. 

. 5 These maps are; then used to determine the conditions of the reservoirs, to perform reservoir 
modeling and to update existing reservoir models. These reservoir models are used to manage 
the oil and gas production from the various wellbores in the field. The acoustic data obtained 
,. above is also utilized, for cross-well tpmography. Also, the acoustic source 170 may be 
. disposed (activated) within one or more of the wellbores, such as shown by numeral 170 in 

10 wellbore 104. The acoustic source, is jnpyed.to other locations, such as shown by dotted box 
170 to take additional measurements. ,The fiber optic sensors described herein may be 
permanently deployed in the wellbores. ; . 

In another embodiment of the invention r dating to frarturing, illustrated ^schematically 
in Figure 3, downhole sensors measure sttain ; induced in the formation by the injected fluid. 

15 Strain is an,impprtanjt parameter for avoiding exceeding the formation parting pressure or 

^fracture pressure of the formation with the injected fluid. By avoiding the opening of or 

widening of natural pre-existing fractures large unswept areas of the reservoir can be avoided. 
The reason this information is important in the regulation of pressure of the fluid, to avoid such 
. activity js that when pressure qrjeip, fractures or new fractures are created there is a path of 

20, much less resistance for the fluid to run though. Since the injection fluid will follow along the 
path of least resistance it would generally, run in the fractures and around areas of the reservoir 
that need to be swept. This substantially reduces its efficiency. The situation is generally 
referred to in the art as an "artificially high permeability channel." Another detriment to such a 
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condition is the uncontrolled loss of injected fluids. This results' in loss of oil due to the 
' reduced efficiency of the sweep and additionally may function as an economic drain due to the 
loss of expensive fluids. J ' r ' ' * : y - 

Figure 3 schematically illustrates the' embodiment and the condition set forth 
5 above by illustrating an injection well 250 and a r production' well 260. Fluid 252 is illustrated 
escaping via the unintended fracture from the formation 254 into' the overlying gas cap level 
256 and the underlying water table 261. The condition is avoided by the irivention.by using 
pressure sensors to limit the injectioh fluid pressure as described above. The Vest of the fluid 
252 is progressing as it is intended to through the formation 254. In order to easily and reliably 
10 determine what the stress is in the formation 54; fiber optic acoustic sensors 256 are located in 
the mjectiori well 250 at various points merein: 1 'the acoustic ^sensors 256 pick up sounds 
generated by stress in the formation whicVpropagate through the reservoir fluids or reservoir 
' J rhauix to the mjectioh well. ' In general; higheir sound-levels would indicate severe stress in the 
formation and should generate a reduction'^ pressure *6f 'the ' injected -ftiid- whether by 
15 automatic control or by technician control. v in A data' acquisition system 258 is preferable to 
render the system extremely reliable and 1 system 258 may be at tne surface where it is illustrated 
in the 'schematic' drawfeg^r' may be downMe.' 5 Based 1 upon : acous^c^Sgnals"received the 
: ' ' ' system b? the r mventibn^ manually is workable,' reduces 

■' 1 ' pressure of the injected fluid' by reducihg pump pressure. Maximum sweep efficiency is thus 
20 : 'obtained/^ 7 r " j ' '" ' f ^^^.^u ..r, w'- ■ ; 

'* ' ' : ; > In 'yet 1 another embotfmerit of W : invention, *'-as- schematically • illustrated in 
Figure 4, acoustic generators arid recdvers"are r em^lbye^ to determine whether a formation 
which is bifurcated by' a fault is' seated along the fault or is permeable along the fault. It is 
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known by one pf ordinary skill in the art that different strata within a formation bifurcated by a 
fault may have some zones that flow and some zones that are sealed; this is the illustration of 
Figure 4. Referring directly to Figure 4, injection well 270 employs a plurality of fiber optic 
sensors 272 and acoustic generators 274 which, most preferably, alternate with increasing 
5 depth in the wellbore; In , production well 280, a similar arrangement of sensors 272 and 
acoustic generators 274 are positioned. The sensors and generators are preferably connected 
to; processors which are either ^pwnhole or on the surface, and preferably also connect to the 
associated production or injection well. The sensors 272 can.receiye acoustic signals that are 
naturally generated in the formation,, ^generated, by virtue of the fluid flowing .though the 

10 formation from the injection well.and to trie production we|l and also can receive signals which 
are generated by signal, generators; 274.. . Where, signal generators. 274 generate signals, the 
reflected signalsthat are received;by sensors 272- over a period of time can indicate the distance 
and acoustic -volume through which .the acoustic, signals .have .traveled. ; This is illustrated in , 
area A of Figure/} Jn that the fault tine ?75 is- sealed between area A and area B on the. figure. 

15 This is fllustrated for purposes ;Of clarity only ^providing circles, ?76 along fault line 275. The 

■ •li ; r areas of fault line 275 whiGh are permeable are^indicatediby hash .marks 277 through fault line 
i : ?75* . S^jfc agousfc signal jepr^t^ ^.artpws ai$ f^^p^^j^.m^^A^iby numeral 
278 : GanrK)trpropagate : tiuou^t^e area C ^hich^ir^cates ar area B on the left side 

of the drawing, that signal wifl bounce, and it theri can be pjcked up by sensor 272, . The time 

2 0 delay, number and intensity of reflections and mathematical interpretation which is common in 
the art provides an indication of .the, lack p? pressure transmissivity between those two zones. 
Additionally this pressure trarismissiyjty. can. be confirmed by, thp detection by said acoustic 
signals by sensors 272 in the production well 230. In the drawing, the area, directly beneath 
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area A, indicated as area E, is permeable to area B through fault 275 because the region D in 
that area is permeable and will allow flow of the flood front from the injection well 270 through 
fault line 275 to the production well 280. 1 Acoustic sensors and generators can be employed 
" here as well since the acoustic signal will travel through the area D and; therefore; reflection 
5 intensity to the receivers 272 will decrease: Time 'delay will mcrease. Since the sensors and 
generators are connected to a central processing unit and to one another it is a simple operation 
to determine that the signal, in facC traveled from one wetf to 'the other 'and indicates 
permeability throughout a particular zone. By processing the information that the acoustic 
generators and sensors can provide the injection and production 'wells can run automatically by 

10 deterrnining where fluids can flow and thus opening and closing valves at relevant locations on 
the injection well arid* production' well in r order 'io flush production fluid in a direction 
' advantageous to run through^ a zone of permeabflity along the fault. ' ' ' 
:il { ' Other mforrriatfon ; cah also lie genera^^'^'ahernate system of the invention since 
the sensors 272 ke dearly capable of recerving nbt 6r^ but 

15 naturally occurring acoustic waveforms arising 'from both the flow of the injected fluids as the 
injection well and from those arising within the reservoirs in result of both' fluid- injection 


operations and simultaneous drainage of the reservoir in resulting production operations. The 
preferred permanent deployment status of the'sensbrs and generators of the invention permit 
and see to the measurement injection flooding and production 

20 bpera^onsi 'AoVancements m bom acbulsdc' me signal processing 

while operating the flooding of the reservoir represents a' significant, technological advance in 
that the prior art lequireFcessation of 'the mjectibhypro^uctidn operations in' order to monitor 
acoustic parameters ^ downhole. ' one of or fflnary skill ih'the art will recognize the cessation 
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of injection Jesuits in natural redistribution of the active flood profile due primarily to gravity 
segregation of fluids and ,entropic phenomena that are not present during active flooding 
operations. This also enhances the .possibility : of premature breakthrough, as oil migrates to the 
relative top of the formation ; and the injected fluid, usually water, migrates to the relative 
5 bottom of the formation. J^ence;, ..there js a significant possibility that the water .will actually 
reach the production weU ,an.d thus, further pumping pf steam or water will merely run 
underneath the, layer pf oil at ^too .of the formation and the sweep of that region would be 

. extrera^ v : . m i : . .v <\ 

. in yet another embodiment ( of the invention fiber optics are employed (similar to those 
10, discbsed m ^ pffiNflCAL INJECTION 

WELL CONTROL AW, MOr^OR^Q S YSTCM under Attorney docket, number 97-.1554 
and BHI 197-09539-US. which is,;^; : in^T^rated hereto, by j reference). to, ^ftemiine the 
amount of and/or presence, of^c^ou!^ cesejyoir, by .pyr^vidSng a , culture chamber 

. within„the 4njectipn,pr, pr^^pn, jWfcejrjein .a .pr^ein^ed. wavelength may be 

3.5 injected Jjy a^ber optica] ca^le, ina^iajjn^ ^sample determining the degree to which biofouling 
may^|jave;pc i curxed...^ p recognize, various biofouling 

<-<■; wUJ^e ^ ai$ty fp Jup^atj a ^. ; wavejen^ i: tliat ; wavelength^ once 

_ .deter^e4 x .i3 ) use^ i fpr tlie puq)ose c atove 5 s^rf >M .^ v f .. v o ... 

Referring back to- figff^.^ t^o^ *? m ^c <!)ac ^ 
20 employing sensors 155 in^^. $e$gn..wejl . 10^. Tfossp sensors provide acoustic 
signals which reflect from the, w$erM in a 

moment in time of the y^erdime^on^.jtoofj JjspiJ. Takipg .rea} time4D pictures provides an 
accurate format of the density^ro^pf *he forrna^tion due |p^e ; advancing flood, front. Thus, 
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a particular profile and the relative advancement of the front can be accurately determined by 
the density profile changes. It is certainly possible to limit the sensors and acoustic generators 
to the injection well for such a system However, it is generally more preferable to also 
introduce sensors and acoustic generators in the -production well toward which the front is 

5 moving (as described before) thus allowing ah iihmediate double check of the fluid front 
profile. That is, acoustic generators on the production wellwill reflect a signal off the oil/water 
interface and will provide an' equally accurate tfaee-<iim The 
indicators from both sides of the front should ^agree and thus provides an extremely reliable 
mdicatiori of location and profile/ A common processor 151 may be -used for processing data 

10 from the wells 102-106. ' v ' - ; 

'Referring now to Figure 5, the distributed fiberoptic sensors of the type described 

r above are "also well suited for use m 'a productibri well where chemicals are being injected 

■ : ' £ thereifr and uiere is a resultant need for the monitbring of such a chemical injectioh'process so 
as to optimize me and effe^ 6 Chemicals often need to be pumped 

1 15 down a production well for ^ mriibhlng scale, paraffins andthe r like as wefl ; as for other known 
processing applications and pretreamient of-mVfhiids- being' produced^-* Often, 'as' shown in 

- ' Figure 5, diemicals are irim&iic^ and 
; ' i: "tKfe casing 404 of a well 406: : -'llie ^cnemical-injec^bn^ (shown* schematically at 408) i can be 

- • ' accornpUsKoi m a \ra^ pump 
20 (as shown for example in U.S. Patent 4,582,131, assigned to the assignee hereof-and 

mcorpoiaied herein by referehce)or throu^i ah auxiliary line assodatecl with a 'cable used with 
ah electrical submersible pump (such as' shown for example in US. Patent 5,528,824, assigned 
to the assignee hereof arid incorporated herein by refefehce)^ 1 ' 4 ,: — 
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^accordance with an emtodiment of the present invention, one or more bottomhole 

sensors 41Q . are located in;jhe producing zone 4Q5 for sensing , a variety of parameters 
associated with. the producing fluid, and/or interaction of, the injected, chemical, and the 
producing fluid 407. (Thus, thje bottomhole sensors 410 will sense parameters relative to the 
5 chemical properties of the, pipduqed jflujd such as the potential ionic content, the cpvalent 
content, pH level, oxygen levels, - organic precipitates and like measurements. Sensors 410 can 
also measure physical properties iiassp^at^'-iM^-tl^prochicing. fluid and/or the interaction of 
.;: :the injected chemicals, and producing -fluid, such, as- the oil/water cut, viscosity and percent 
-solids, .. iSensors.4 10 can also; provide-^ H 2 S 
10 content and the like. ^ .... r , 

Bottomhole seiisors £10 prefer^ are. associated with a 

plurality of distributed .sensore^^4^^.3^c>•.are. } Iwsitioned• [along at, least , a portion of the . 
weUbore .(e.£:, prefer for measuring pressure, 

..tempejrature- ami/or flow rate as' i <$§Gua^ 3 a^^ t iii J correction with Figure 1. The present 
15 myentiqniis^alsp. prefe^ a<surface control and monitoring system 414 and 

* ^onezQrjno^ known ^ace^^ to the produced fluid; 

^:an£s^ftfrti<^^ rendered by the 

.injected chemicals.-,. The sensors 41& ffi^ajefl with surrace can sense parameters 

^related tq.the content and amqi^tpf^ paraffins, water, 

-.20. solids and gas. >-;' lyi&'zr* AH pit S- tr^V'r. .?...« v shr^r.v 

Preferably,- the producuqH wefl .disclose^ in-^igure 5 ^ associated therewith a so- 
called "intelligent downhole corgrol.and .monitoring system which may include a downhole 
computerized controller 41? and/orme.aftaremention^ surface congql, and monitoring system 
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414. This control and monitoring system is of the type disclosed in Patent r 5, 597,042, which is 
assigned to the assignee hereof and fiiily incbrporated herein by reference: As disclosed in 
Patent 5,597,042, the sensors in the "intelligent" production wells of this type are' associated 
with downhole computer and/or surface contrbflers^^ch J receive information from the sensors 
5 and based on this information, initiate some type of contfoVfor enhancing or optimizing the 
efficiency of production of the well or in some 'other way effecting the production r of fluids 
from me formation. In the present invention, the suiface lanaYor downhole computers r 4 14, 418 
will monitor me' effectiveness of the treatment 5 of the ? injected chemicals and J based on the 
sensed information; the control computer will initiate some change in the manner, amount or 
10 type of chemical being ; injected: 1 In me system of the present invention, the sensor^ : 4 10 and 

* 412itiayb^coniie<*edremot^^ < "" ' v ^" ; ' <; 

* '' ' In a preferred embedment df1uSe >< presen'(''mv^oh, ; the bottomhole sensors comprise 

' "fiber optic clhiemicai ; sensbnV ,; Such fiber optic 1 chemical sensors' preferably utilize fiber optic 
: probes which aVe' used as a sample' mterrace Wallow light" from the fiber optic to' interact with 
15 the' liquid or gas stream and return' t6 
' ' typically cdmposed r: ^ 

|r measurement a morous, sol gel 

' iy * "derivect f^lassWuix. 'fhmSms of this maie^'are cd^Sei onto optical components of various 
" f>rooe designs to^ create sensors' for process' ahd r ehvirdhmehtai ; measurements. These probes 
"20 provide mcreaseil 'sensitivity to' ' chemical species based upon 1 characteristics of the specific 
indicator.^ For ocample^ sol gd prob^ can measire'^wnii great accuracy the pH of a material 
and sol gel probes can also measure &Fs^ecific 'chemical content The sol gel matrix' is porous, 
and the size of the pores is determined by how the glass is prepared. The sol gel process can be 
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controlled so, as to create a sol gel indicator composite with pores small enough to, trap an 
indicator in the, matrix but large enough to allow ions of a particular chemical of interest to pass 
freely in, and out and.react with the indicator. An example of suitable sol gel indicator for use in 
the present invention is shown in. ^gures ^ancj 7. 
5 Referring to Figures 6. anc} 7 te a probe is shown at 416 connected to a fiber optic cable 

.418 which is in turn connected bptji to a. light source 420 and a spectrometer 422. As shown 
f in Figure 7, probe 416 inc^de^ ^ sej^r housing 424 co Lens 426 has a 

, , sol gel coating 428 therepn which is tailored tomeasure a specific downhple parameter such as 
, pp ojr, is selected. to : det^ of a particular chemical such as 

10 oxygen, H 2 S or the. like.. . Attach^ to and spaced £rpm,lens 426 ( is a mirror 430. During.use, 
light from the fiber optic cable 418 is collimated ]byjtens : 42$ whereupon the. light passes 
through the sol gel coating 428 and sampje, SRace ; 43^ ^Jhe fight is then reflected by mirror 430 
and retumed-to the fiber ^ optical ca|?Ja Light tra^mitjed by^^^j>p^ f <^bl^. is measured by 
. the spectrpmeter ; 42^,. gpe^ome^,^ either at 

15 the surface.pr at sorne, Jocatjon dpvmjioje, .. Ijfased.on the spectrometer measurements, a control 
e . .j, k vcomjjuter 414, 416 v$l. -analyse J^er.jneasuremej^.jvid .based^pn^this ,anajysis>.. .the chemical 
: : , ; Ejection agRara^^;^^ type of 

.chernical- being injected ^ ftp/n the r ^hemicaJ L injection 

^apparatastdatmgta 

v 20 also be sent to the control computers. r T^e control, computer may, also base its control decision 
on input received from, surfec^sejnspjr. 415 .relating tp ,t^ effectiveness of the chemical 
treatment on the produced flu^d, : toe.presence .and concentration of any impurities or undesired 

, . by-products and me like. r - >, . -A,':- J-v/m^ J C-i *i : !»ir ; ^ 
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Aheniatively a spectrometer may be utilized to monitor certain properties of downhole 
' fluids. The sensor includes a g!ass r or quartz probe, one end*or tip of whichis placed in contact 
with the fluid. Light supplied to the probe' is refracted based on the properties of the fluid. 
Spectrum analysis of the refracted light is used to determine the and monitor the properties, 
" 5 which include the water/gas, oil and solid contents arid the density. 

Iii addition to the ; bottomhole sensors' 410 beihg comprised of the fiber optic sol gel 
type sensors, distributed sensors 412 along production tubing 402-may also include the fiber 
brkic chemical sensors of the type 'discuWed'aoove. In this way* the chemical content of the 
' production fluid may be monitored as it travels up the production tubing if that is desirable. 
10 * The permanent placement of me sensors 410, 412 and control system 417 downhole in 
the well leads to a significant advance in the field ^ and allows for real time, remote control of 
r 1 ' chemical injections into a well whhbut me rie^ed for wireline device or other well interventions. 
:.r .Mv\t; ?^ v ^^Vufflic« wifii 'me'present'mventibri^ a'-riovel control and monitoring system is 
provided for use in i connection wim 1 'a'tfea1m^ c ^em r fe^handlmg- produced hydrocarbons in 
15 an oilfield. keYerring to 1 Figure Sfa tfoical 1 surfa^-*treamieht- ; %stem used : for treating 
produced fluid in' oil fields is shown? "As is L wefl 'known; r the fluid produced 1 ' frohv the well 
' ' " mcludesa cbmbmatibnof emulsion; ou^gas a¥d water.' ^er'tnbs^wefl fluids' are produced to 
' J the sWace^ffiey Wcontained inra pipeline imown as a "ftow line/*. The flow line can range in 
v b:v length itfom a few feet to ^several iousarVd' feiet-TypicaUy, the fioW fine is connected directly 
'-" 20 into a' series of tanks and treatment devices which^are intended to provide separation of the 
water m^emulsi^ that the oil and gas be 

: '" separated fbttra^rt *' v - f, *--» : * " K *< /F ' ; * 
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Hie iproduced fluids flowing in the .flow line and the various separation techniques 
which act orithese produced fluids lead to serious corrosion.problems. Presently, measurement 
of the rate of corrosion on the various metal . components of the treatment systems such as the 
piping and tanks is accomplished ; hy a number of sensor techniques including weight loss 
5 coupons, electrical resistance •■ probes, decupchemical - linear polarization techniques, 
electrochemical vnoise. tec^ques and AC impedance techniques. .While these sensors are 
-. useful in measuring > A the corrosion rate of a metal vessel or pipework, .these sensors do not 
provide .any ■information relative to Aehchemicals themselves, tl>at is. the concentration, 
;. characterization or other parameters ,qf chemicals introduced into the treatment system. These 
10 .chemicals are mtroduced; for a { variety of reasons, including corrosion inhibition and emulsion 
, , breakdown, aswelLas scale, ,wax, ; .aspl?ajtene, bacteriaand hydrat^ control. .... : .. . - 

■ a . ■ In accordance with an import feature of the present jnvenlion, sensors, are. used in 
r chemical treatment systems pf, the rype ^sclose^ in r Fjgure ; 3 which monitors the chemicals 
. ' memselves as opnosed bfPjtto^e^^^^^hgni^ ^for. e)campje, |he rate of corrosion). 
15 §uch ; sensors.. provide tte,operator. of ithe ^eatment system whh a realtime understanding of 
: <j the -f^^^^W^^Si W^^^Y 2 '^^^^^ chemical throughout the system, 
, , ,n[ ; the. conpentrabon, of^.chejm^ #e. s^steni ^ Hflgfig&r ^fe<* suitable 
sensors which may- be: used, tq detect : para^neters pjaungjjo.the chemtcajs in r tl?e^eatment 
system indude fta^ 7. 
20 Ultrasordc .absprpjiqn, X-ray 
fluorescence spectroscopy, neuttonac#vatioa.spec£^ microwave 
or millimeter wave radar reflectance or absorption, and other optical and acoustic (i.e., 
ultrasonic or sonar) methods may also be used. A suitable microwave sensor for sensing 
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moisture and other constituents in the solid and liquid phase influent and "effluent streams is 
described in U.S. Patent No: 5,455,5 16, all of the contents of Which are incorporated herein by 
reference. An example of a suitable apparatus for sensing using LIBS is disclosed in U.S. 
Patent No. 5,379,103 all of the contents of which are incorporated herein by reference. An 

'5 example of a suitable apparatus for sensing UMS 1 is the LASMA Laser Mass Analyzer 
available from Advanced Power Technologies, Inc. of Washington, D.C. An example of a 
suitable ultrasonic sensor is disclosed in U. S. Patent 5, 148,700 (all of the contents of which are 
incorporated herein by reference). A suitable commercially available acoustic sensoris sold by 
Ehtech DesigjV Inc., bf DentorC Texas under the trademark MAPS®/ 1 Preferably/ the sensor is 

10 operated at a multiplicity of frequendes 1 and "sij^ial strengths! Suitable millimeter wave radar 
techniques ' used ^ conjunction with "the present 1 invention are described 1 in chapter 15 of 
Principles and ^plications of Millimeter " Wave Raaar, 'edited by N.C. Currie and C.E. Brown, 

While the sensors may be utilized in a ; system sucn as shown in Figure 8 at a variety of 
15 locations, the arrows numbered 500, through 516 indicate those positions where information 
relative to the chemical mtroduction would be'es^eciaUy useful. u 1 " ""' : ' ' ' ' 

Referring how to Figure 0 9, ' the 'surface' treatment ' system" of Figure 8 is shown 
generally at 520. In accordance with the present invention,' the chemical sensors (i.e. 500 - 
516) will sense, in real time, parameters "(Le., concentration arid classification) related to the 
20 introduced chemicals and supply that sensed irtformation to a controller 522 (preferably a 
computer or inicxoprbcessor based contrbllery * Based oh that sensed information monitored by 
controller 522, the controller will instruct a pump or other metering device 524 to maintain, 
vary or otherwise alter' the amount of chemical ahoVor type of chemical being added to the 
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surface treatment system 520. The. supplied chemical from tanks 526 can, of course, comprise 
any suitable treatment chemical such as those chemicals used to treat corrosion, break down 
emulsions, etc. Examples of suitable corrosion inhibitors include ..long chain amines or 
aminodiazolines. Suitable commercially available chemicals include CronoxO which is a 
,5 corrosion inhibitor sold by Bafcer Petrolite, a : division of Baker-Hughes Incorporated, of 
Houston, Texas. ^ 

... . Thus, in accordance with the control and monitoring system of Figure 9, based on 
- information provided by the chemical sensors 500-516, corrective measures can be taken for 
..varying me. injection of the chemical, (corrosion inhibitor, emulsion .breaker^ the 
10 system. The injection point of these chemicals, coiild be anywhere upstream of the location 
■ : being sensed such as the location where, the corrosion is being sensed. Of course, this injection 
. point could include injections downhple. In the context of a corrosion inhibitor, the inhibitors 
work by forming a protective film on the metal and thereby oreyent water and corrosive gases 
from corroding the metal surface. Other surface treatment chemicals include emulsion breakers 
15 , which break .the emulsion and facilitate water removal. In addition to removing or breaking 
emulsions, chemicals are also introduced to break put and/or remove splids, wax, etc. 
Typically, chemicals are introduced so as to provide what is known as a base sediment and 
. water (B.S. and W.),of less than 1%. 4 ( . . . 

In addition to the parameters relating to the chemical introduction being sensed by 
2 0 chemical sensors 500-516, the monhorm^ and control system .of the present invention can also 
utilize known corrosion measurement- devices as well including flow rate, temperature and 
pressure sensors. These other sensors are schematiucally shown in Figure ? at 528 and 530. 
The present invention thus provides a means for measuring parameters related to the 
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introduction of chemicals into the system in real time and on line. ' Ai mentioned, these 
parameters include chemical concentrations and may also include such' chemical properties as 
potential ionic content, the covaient content, pH level, oxygen levels, organic precipitates and 
like measurements. Similarly, oil/water cut viscosity and percent solids can be measured as 
5 well as paraffin and scale build-up, H2S content and the 'ii#e. The fiber optic sensors described 
above may be used to determine the above mentioned parameter downhole. 

Figure 1 0 is a schematic diagram of a weUbore system 600 wherein a : commori conduit 
' is utilized for operating a downhole' hyaYauHc^ll^perated tool or device arid for monitoring 
one or more downhole pararheters utilizing the fiber "optics. 1 System 600 includes a wellbore 

10 602 having a surface casing 601 installed a short distance from the surface 604. 'After the 
wellbore 102 has been drilled to a desired depth. A completion or production string 606 is 
conveyed into trie wellbore 602. The string 606 includes 1 at least one downhole hydraulically- 
operated device (514 carried by a nobing ^08 which tubing may be a drill pipe, coiled tubing or 
production tubing. A' fluid amduit 610 (of nydrauli c line) having a desired inner diameter 611 

15 is placed or attached 'eh^er oh the outside of the string 606 (as shown in Figure 10) or in the 
inside of the string in any suitable irianrier. The conduit (510 is preferably routed 'at a L desired 
location on the string 606 via a u-jbint 61'2 so as ^proviSW'sm'cwth transition for returning 
' me conduit 610 to the surface 604. 1 A hya^autic correction 624 is provided from me conduit 
610 to the device 614 so" that a fluid under pressure can pass from the conduit 610 to the 

20 device 614. 

After the string 606 has been placed or installed af a desired depth in the wellbore 602, 
an optical fiber 612 is plumped under pressure at the inlet 630a from a source of fluid 630. The 
optical ni>er 622 passes trirough the^entire lenjjm ofthe conduit 610 and returns to thd surface 
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604 via outlet, (530b. The fiber 622 is then optically coupled to a light source and recorder (or 
detectqr) (LS/REC) ,640.., , A data a^uisitipn/signal processor (DA/SP) 642 processes 
data/signal received via the,, optical fiber 622 and also controls the operation of the light source 
and recorder 640. 

5 The optical fiber 622 inay include a plurality of sensors 620 distributed along its length. 

Sensors 620 rnay include, tern^erature sensors, pressure sensors, vibration sensors or any other 
fiber optic sensor, that can be placed on the fiber optic cable 622. Sensors 620 are formed into 
the cable ,622 during the manufacturing ot the. cable 622. The downhole device 614 may be 
any downhole fluid-ractiyated device including but not Ijrnited to a valve* a choke, a sliding 

10 sleeve, a perforating device, and a, packer,, fluid flpw regulation device, or any other completion 
and/or production device. The device 614 is .activated by supplying fluid under . pressure 
through 4 the conduit 610. In the embodiment shown herein, the line 610 receives fiber optic 
cable 622 throughout its length and is connected to surface, instrumentation 640 and 642 for 
. distributed measurements : s pf ^dU^qfe|cd^. ^VBn^tera^ along its length. The line 610 may be 

15 arranged downhole along , y» r> stra|g 606 , in a V .or other convenient, shape. Alternatively, the 

, , : ... line , 610 n^y terrnmate at the .device 6}4 and/or continue to a second device (not shown) 
,downhple ? .^.^ pp^se^^sp mav ^disposed on toeline in any other suitable manner m 
such as wrapping ^them on the outside of ,the. conduit jSlO. In the present^ventjon, a common 
line is thus used to control a hydraulicalry-controljed device and to monitor one or more 

20 downhole parameters along the line. 

During the completion qf f the wellbore 602, the sensors 620 provide useful 
measurements relating to. their, associated downhole parameters and the line 606 is used to 
actuate a downhole device. The. sensors 620 continue to provide iriformation about the 
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dowrihole rjaiametere over time- • " ' : " ■ 'wj ?v ' >* 1 

' Figure 11 shows a scheinatic'dagjram of a produdhg well -702 that preferably has two 
'» electric submersible pumps ("ESP") 714, one for pumping the oil/gas 706 to' the surface 703 
and the other to pump any separated water back into a formation. The formation' fluid 706 
5 flows from a producing zone 708 into the weUbdre 702*via t rjerforations 707: Packers 710a 
and 710b installed below and above the ESP 714 force the fluid 706 to flow to the surface 703 
via pumps ESP 7i4. An oil water 'separator 750 separates the~ oil and water and : provide them 
to their respective pumps 714a-714b. ■ A cKoke* l 752 provides desired backpressure. An 
instrument package 760 arid pressure 'sensor is ins^ed in me pump strings 718 to measure 

10 related parameters during production: -^^e-present^ttvehtioh" u1ilizes^ <: o^cai r fiber with 
c embedded sensors To provide mea^emehts 6f selected 'parameters, 5 such f as temperature, 

11 pre^ssure, vibration, flow rate as described below;- ESP's 714 use large amounts of electric 
power whiclr is supplied [ from the surface via^a power cable 724.' Such' cables often tend to 
corrode an/or overheated. Due to the high power being carried by the cable 724i v electrical 

15'* sensors are generally hot placed oh or along side the cable 724. v " ; ; J - 5 {: ' c 

In one embodmierit of tfie present invention i'afs shown m Figure lifl 'fiber optic cable 
722 ou^ie^W c^c' cable 702 may 

' 1 aiso ? be extended' icS^t^'E^-s'YCj'Sy replace' conventional sensors r in the instrumentation 
1 " ' ' ' package 760' and to provide control signals to tfie ddwnhole device or processorsas described 
20 earlier. In one application,' the 'sens6rs l 726'-measure vibration arid temperature of the ESP 714. 
It is desuable to oper^ The 
ESP 714 speed is' adjusted so' as' to rriaintaih one or both such' parameters below their 
pre^eterriiinW maximum value or wkhiri their resfjective predetermined ranges. % The fiber optic 
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sensors are used in this application to continuously or periodically determine the physical 
condition ,(heaM)ofTtte 722 may r be extended or deployed below 

the ESP at the time of installing the production string 718 in tjie manner described with respect 
to Figure 10. It should, be; obvious JbaX the use of the ESP is only one example of the 
5 downhole; device that can be v used for the purposes of this invention. The present invention 
may be used to cpntmupusly^measure downhole parameters, to mqnitpr the health or condition 
of downhole deyices and tocontrol downhole devices. Any suitable device may be utilized for 
this purpose including, sliding sleeves, packers, flow control deyjces etc , . . . , , 

. , : Figure 12 f shpws a wellbpre 802 wjth a prpductipn string ,804 haying one . or more 

, 10 electrically^pera^ herein , by numeral 850 

and one or { more downhole sensors 814* Jhe .suing. 8Q[4 _ includes .batteries 8 lg. which provide 
. electrical power to tire devices .850 ai^ c ae^sorsj81 J 4. :,The battles are charged by generating 
... , power downhole by turbines (tiot ^showpXpr by. supplying, ppwerAorn tjie surface, via a cable 

..(notshown). ^ v - r .,.^ g? ' v ,, ww , ^ <j* c . . 

15 In the present invention a light cell is^rov^de^^in the string 804 which is coupled to 

T ^ , . aij optical ^ber ?2^that hasone o^.mprc,senwr^|20 associated .therewith. A light source 840 
•: At &%spx$£ proyiaes;^^ the 
dowiihqle ISeries, 812. ; , ^ many 
applications the downhole deyjce£:such^ are. v acfKWdted ^equently^ Trickle 

20 charging the batteries, may. be, s^cto^airi^ eliminate ^ie use .of pther power 
generation devices. In appticatic^raju^g greater po^er .consumptipn, the light cell may be 
usedin.cpn^c^ , ; • 

Alternatively, if the device 85,0 is,pptically-actryate<}, the fiber , $32 is coupled to the 
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device 850 as shown by the dotted line 822a and is activated by supplying optical pulses from 
the surface unit 810. Thus, in the configuration of Figure 12/a fiber optics device is utilized to 
generate electrical energy downhole, which is then used to charge a source, such as a battery, 
or operate a device. The fiber 822 is also used to provide two-way communication between 
5 uieriA/SP l W2andddwiAole^ 

Figure 13 shows a schematic of a wellbore system 900 wherein a permanently installed 
dectricalry-operated device is monitored and ccintrdlleS by a 1 ' fiber optic based system. The 
system 900 includes a wellbore 902 and' ari 'dec^c^y at a 

desired depth, which may be a sliding sleeve, a" choke, a fluid flow control device, etc. An 

io control unit 906 controls the operation of the device 904. A production tubing 910 installed 
above the' device '904 allows "formation 'fluki to flow J to the surface 90i. During the 
manufacture of the string 91 1 that includes the device 904 and the tubing 910; a conduit 922 is 
" clamped along thelengtfi of the tubing V 910 with* clamps 921. Ah optical coupler 907 is 
provided at the electrical corifrol unit 906 which'can mate with a coupler fed through the 

15 ,: condGKMZ. " » ■ • ■•> >» »* ™' »:* - ,. : 

Either prior to or after placuig the , s\ring l 9ib in the wellbore 902, l a r fioer^optic cable 
921 is deployed in the conduit' W2 so mat a coupler 922a at 5 the cable 921 c enci would couple 
with the coupler 907 of the control unit 906. A light source 990 provides the light energy to 
the fiber 922. A plurality of sensors 920 may be deployed along the fiber 922 as described 
20 before. A sensor preferably provided on the fiber 922 determines the flow rate of formation 
fluid 914 flowing through the device 904. * Command a are sent By DA/SP 942 to activate 
the device 904 via the fiber 922^" these sisals' are detected by the control unit 906, which in 
turn operate the device 904/ This^in tn'e configuration of Figure 13^ fiber optics is used to 
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provide two, way communication between downhole devices, sensors and a surface unit and to 

operate the downhole devices, ......... % . , . ■ . , 

Figures 14A and 14B show a method monitoring the location of prior wells during 
drilling of a wellbore so, as to avoid .drilling the wellbore too close to or into the existing 
5 wellbores. Several wellbores are sometimes drilled from a rig at a single location. This is a 
common practice in ofishore drilling because moving large platforms or rigs is not practical. 
Often, thi^to fofty wellbores are drilled from a single location. A template is used to define 
the relative location pf the wells at the , surface. Figures 14 A and 14B show wellbores 1004- 
1008 drilled from a common template 1005. The template 1005 shows openings 1004a, 

, 10 1006a, and 1008a as surface .Jo^OMJfortiw wellbores 1004, 1006 and 1008. respectively. 
Location^ of . all other wellbores, drilled from the template 1005 are referred to by numeral 
1030. Figure 14B also shows a lateral or branch wellbore 1010 being drilled from the 
wellbore, 1004, by. a drill bit 1^40... The weUbore 100$ is^resumed to be drilled before 
wellbores 1004 and 1010. For the purposes of this example, it is assumed that the driller 
15 wishes to avoid drilling the wellbore 1010 too close to or onto the wellbore 1008. Prior to 

^ n: aMllin& ; the wellbore 1010, a plurality of fiber optic sensors 40 are disposed in the wellbore 
,1008 The vibrations of the drill bit 1040 during drilling of the wellbore ,1010 generate acoustic 
energy, which travels to the wellbore 1008 hy a processor of the .kind described earjier. The 
sensors 40 in the well bore 10Q8 detect acoustic signals received at the well bore 1008. The 
2 0 received signals are processed an^anajyzed to determine the distance of the drill bit from the 
wellbore 1008. The travel time of the acoustic signals from the drill bit 1040 to the sensors 40 

, in the wellbore 1008 provides relatively accurate measure of such distance. The fiber optic 

•i. : - ■ *; j> r> r.r*-.- r \K ?'•£ ■&;' x .v.. v \ • ; ? - « 

temperature sensor measurements are preferably used to correct or compensate the travel time 
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or the underlying velocity for the effects of temperature. The driller can utilise this information 
- to ensure that the weilbbre 1010 is beirig drilled at a safe distance from* the : wellbore 1008, 
thereby avoiding drilling h too close or into tfe wellbore 1008.- 

" The fiber optic sensors 'described above are especially suitable for use in drill strings 
5 utilized for drilling wellbores. For the 'purposes of this invention, a "drill string" includes a 
r drilling assembly or bottom hole assembly ("BHA n )'carried by a tubing which may be drill pipe 
' or coiled tubing. A drill bit is attached to the BHA which is rotated by rotating the drill pipe or 
1 by a mud motor. Figure 14C shows a bott6mhoieassembly : 1080 having the drill bit 1040 at 
• * one end: The bottomhole assembly 1080 is conveyed by a tubing 1062 such as a drill pipe or a 
1 0 cbiled-tubing: A mud motor 1052 drives the druTbit 1040 r attache<i to the bottom hole end of 
J the'BHA A' bearing assembly 1055 coupled to the drill i)it 1040 provides lateral and axial 
support to the drill bit 1040. Drilling fluid 1060 passes through the drilling assembly 1080 and 
: *i£ives the mud'moio^iO^,' wtebH m turn rotate^the drill bit 1040. ' 

As described belowf a variety officer" optic 5 sensors are placed in the BHA 1080, drill 
'15 bit 1040 and the tubing 1082. ;! Temperature ^ an3 presure serisors T4 7 arid P5 are placed in the 
drill bit for monitoring the condition of the drill bit 1040. Vibration and displacement sensors 
VI monitor the vibration of the BHA and displacement sensors VI monitor the lateral and 
axial displacement of the drill shaft and that of the BHA Sensors T1-T3 monitor the 
temperature of the elastomeric stator of the mud motor 1052, while the sensors P1-P4 monitor 
2 0 differential pressure across the mud motor, pressure of the annulus and the pressure of the fluid 
flowing through the BHA Sensors V1-V2 provide measurements for the fluid flow through 
the BHA and the wellbore. Additionally a spectrometric sensors SI of the type described above 
may be placed in a suitable section 1050 of the BHA to measure the fluid and chemical 
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properties of the wellbore fluid. Rber optic , sensor H£ is used to detect radiation. Acoustic 
sensors Sl-SZ may be placed in the BHA for determining the acoustic properties of the 
formation. Additionally sensors, generally denoted herein as S may be used to provide 
measurements for resistivity, electric field, magnetic field and other measurements that can be 
5 made by the fiber optic sensors. , A Iight source IS and the data acquisition and processing unit 
DA are preferably disposed in the BHA The processing o^the signals is preferably done 
„downhole,but;niaybeaVw Any suitable two way cpmmunication method may 

■r be; used to cpnimurucate between the B^ ai^ t^e^rface equipment, including optical fibers, 
x The measurements made: are ..utijized^fgr ^etemuning formation, parameters^ of the kind 
10 described earlier, fluicj properties^ an^tlx .condition of the various components of the drill string 
. , including the condition of the jdrp biti mud motor,, bearing assembly and any other component 
part of the drying assembly, y ^ fvxr , • ..- - ^ iv <-,.« 0 . -.. -i- 

While foregoing disclosure is; directed to the preferred; ^ 
various* modificatory intended that all 

15 variations within.th^ scope and ; spirit^of the. appended. claims be embraced by the foregoing 

^j.flSfcS»l*i m vtf/ • ,iv, v V; : , -,i .■:<: v. - . , . 

-mi :.v &uts&ui ^h* Lrc :«(3e k . V n'.^.^-J 'j':; .-*;; k :• ■■. . > 
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WHAT IS CLAIMED IS: 

1 . A system for monitoring adownhole production fluid parameter; comprising: 

(a) an optical spectrometer in a wellbore, said optical spectrometer making 
measurements for the production parameter in res jx>nse to the supply of optical 

5 " energy to the spectrometer, and 

(b) a source of optical energy providing' ' the opticai energy to the optical 
1 spectrometer. ' ' ! • ' ,: ~ ' ! * 

2. the tool of ciaim' 1 whWem P tnV ? speWo^ provides signals responsive to a 
10 downhbie parameter which is one of (a^ presence of gas in a fluic£ (b) presence of water in a 

fluid, (c) amount of solids in fluid, ((J)' density of a fluid,' (e) constituents of a downhole fluid, 
and (0 chemical composition of a fluid. 

3. the system of clam 1 'Svnerem is permanently deployed in the 
15 wellbore. 

4. The system of claim 1 wherein the source of optical energy is located "in the wefibore. 


' 5l The system of claim 1 wherein the optical speedometer is iocated in a drill string and 
2 0 makes the measurements during drilling of the wellbore. 

6. The system of claim 1 further comprising a processor deteraiining the downhole 
parameter utilizing the measurements from the opticai spectrometer. 

v' 
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7. The system of claim 6 wherein the processor processes data at least in part downhole. 

8. .A system for determining.an acoustic property of a subsurface formation, comprising: 

5 (a) an acoustic fiber optic sensor in a wellbore providing measurements of an 

t acoustic projperty of the formation surrounding the wellbore; 

(b) a fiber optic temperature sensor in the wellbore for determining the 
temperature of the formation; and 

(c) r a processor determining from flip.. acoustic sensor measurements the acoustic 
10 r property of the formation that is compensated fqr temperature effects utilizing 

the temperature sensor measurement^. 

9. The system of claim 8 wherein the acoustic property is one of (a) acoustic 
velocity of the formation, and (b) travel time of an acoustic, wavefront in the formation. 

10. The system of claim 8 wherein the processor processes the measurements at least in 

. ^w^otfc-. jt it \y : w -ix5 Lv;Lq..: to eoiyoa s'b ftb;.vfi J : . iv.lj lo rra;«' a,- *v: i 

11. The system of claim 8 wherein the acoustic sensor is one of (a) permanently 
20 installed in the wellbore and (b) carried by a measurement-while drilling tool taking said 
measurements during drilling of the wellbore. 
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12. A system for determining resistivity of a subsurface formation, comprising: 

(a) a fiber optic sensor in a wellbbre providmg rrieasurements for resistivity of the 
formation surrounding the wellbbre; and 

(b) a ' processor determining from the fiber optic " sensor measurements the 
5 resistivity of the formation surrounding the'wellbbre: 

13. The system of claim 12 wherein the fife optic sensor is (disposed in one of (a) on a 
measurenie^t-whUe-drilling tool taking said 'measurements during drilling of the wellbore and 

' r ' (b) permanently installed in the wellbore; ! ; ' V r 1 & ■ * • v 1 • ' T ! ' : - ' 1 : ' ' ' 
io • * 

14. The system of claim 12 wherein the processor processes the measurements at least in 
' :rV partdownhole; ' ' <\- * v ' ' : .Vw».- ;. 

15. A system for deterrnining a formation' parameter of a subsurface formation, ' comprising: 
15 (a) a fiber optic sensor in a wellbore providing measurements for detenninihg a 

'parameter selected from a group 'consisting oFele^c field, radiation and 
• >> '" ;;J; n^eu^fieIo^and ^ ni7 ' : < i0 ' cr; l '>' c ' V'ibil* "v/x 

(b) a processor determining from the fiber optic sensor measurements the selected 
parameter. 

:; 20 : ,; ' ' ;v " - ' - r - • ^*x>V* i ;i. .1 

16. The system of claim 15 wherein the fiber optic sensor is one' of (a) permanently 
; installed in the' weffix>re' and (b) carried" by' a measurement-whfle d taking said 

measurements during drilling of the wellbore:- r '- ' • ' l 
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..17. A^dpwnhole tool mpnkpring ^^..co.mprising^ - 

(a) a tool in the wellbore; and;> v • 

(b) a fiber optic sensor in a wellbore providing measurements for an operating 
5 parameter of the4opl. . , . 

18: T>e,systejn pf claim 17 wherein the operating parameter is ope of (a) vibration, (b) 
noise (c) strain (d) stress (e) displacement (f) flow rate (g) mechamcal integrity (h) corrosion (i) 
erosion Q) scale (k) paraffin (1) hydrate, (m) displacement, ;(n) temperature, ,(o) pressure, (p) 
10 acceleration, and (q) stress. 

19. The system of claim 1 wherein the fiber optic sensor is one of (a) vibration sensor (b) 
strain sensor (c) chemical sensor (e) optical spectrometer sensor and (f) flow rate sensor, (g) 
temperature sensor^ u , , 

. , . ^ 20; , ; The -systern exclaim lfZ.wtere^tJie; downhple tool is. one of a flow control device, 
packer, sliding sleeve, screen, mud motor, drill bit, Jrctjtom, ^ok^aj^mbly, coiled tubing and 

■ 5 casing- . v. * - -*_e vt n vf; .wnZzr^ ?fj ■ v> ,zc - ; 


20 21. A method of monitoring chemical injection into a surface treatment system of an 
. oilfield well, coniprising:, ., ? ?;vt ,, .. -. vl/ . ( ->.,.• .-j { -r - : - •■ 

t (a), mjecfog one or mo^ 

fluids prxxhac^m the oflfiejp' well; and > , ^ ,, r 
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(b) sensing at least one chemical property of the fluid in the treatment system using 
at least one fiber optic chemical sensor associated with the treamient system. 

22. The method of claim IT wherein the iafe opuc chemcal sensor- is o 

5 that includes a sol gel arid (b) an optical spectrometer that provides refracted light indicative of 
me chemicai property of the fluid. ncS '' • '' ■ ' : 

23. A measurement-while drilling ("MWD") tool for use in drilling of a wellbore, 
compnsmg: ............ 

10 (a) at least one fiber optic sensoT ? carfied by me tdbl'provio^g'measuremente 

responsive to one or more downhole parameters of interest during drilling of 

the wellbore; - 

(b) a light source in the tool prb^<&g lijght enerjgy \6 the" at least one fiber optic 
sensor for taking sid measurements; and 

1 5 (c) a processor determining ironv said measurements the one 1 or more parameters 

*'• ofinterest at least m c part r dow^6le: ' " " J ' yi ■ "' : J 

•• ■ > '■ '■: . • *.tj. ".^ f.h srii - ft ^.li^s'it iijeToVi o? ioj- Kunq srl? c: J\ 

24 The tool of claim 23 wherein the at least one fiber optic sensor includes at least one of 
(a) a fluid flow rate sensor, (b) a vibration sen^r, (d) a' spectrometer, (e) sensor that determines 

2 6 ' a chemical property of trie fluid,' (f) a density measuring sensor, (g) resistivity measuring sensor, 

(h) a plurality of distributed pressure sensors, © a temperature sensor, (j) a pressure sensor, (k) 
a strain gauge, 0) ^ a rrydrophbne; (m) a plurality o r f ^alsnibin^ pressure sensors, (n) a plurality 
of distributed temperature * 
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25. - The Jool of claim. 23 wherein the one or more parameters of interest include at least 
one of (a) fluid flow rate, (b) flow of fluid through the tool, (c) vibration, (d) composition of 
wellbore fluid,, (e) constituents of fluid. in the wellbore, (f) constituents of the formation fluid, 

5 (g) water content in ^for^on^lluid,. (h) presence of gas ip .the formation fluid (i) fluid 
density (j) a physical condition of the tool (k) a formation evaluation property, (I) resistivity, 
(m) temperature gradient, and (n) pressure gradient. 

26. The tool of claim 23 wherein the at least one fiber optic sensor includes a set of fiber 
10 optic sensqre spacedi along a fiteppu^stijng, v , , . ; «. 

27. The tool of claim 26 wherein at last some of the sensors are configured to provide 
measurements for more than, one ^downl^e ; parameters. , r ,. ; . ^ 

,15, 28. ,., /^e topl of claim 23 wherein the.at least.one fiber optic sensor includes a set of sensors 
and the processor multiplexes between such sensors .according to programmed instructions 
provided to the processor to obtain measurements of the desired parameters of interest. 

. 29. ... The tpol.pf.daim.23 .%tte,^ap^^g ; a ; ^? moJpr,.said mud.mptor. haying., a rotor 
,, 2 0 rotating in an.dastonm^ motor, . 

30. , The tool of cjaim 2$ wherein the at least one fiber, optic sensor includes a plurality of 
fiber otic temperature sensors, in the,. mud motor .for, measuring the .temperature of the 
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elastomeric stator,thereby providing an operating condition of the stator. : °' ~* 

31. The tool of claim 30 wherein the processor provides signals for adjusting supply of the 
fluid under pressure to the mud motor " so as to' mamtaih the temperature of the stator at a 

5 desiredvalue. * ' " ' 4 *' ^''^ ' ' " 

32. A method of monitoring and controlling ah injection operation, comprising: 

(a) locating in a production well a plurality" of distributed fiber optic sensors; 

(b) injecting a fluid in an injection well formed spaced apart from the production 
10 wellbore; 

(b) ' determining from me fiber optic sensor measurements a parameter of the 
" formation between^ 

(c) 1 '" cont&iilng me'mjec&bn'o^iu^'fiuidm response to the determined parameter. 

15 33. A downhole injection evaluation system comprisuigi * 

(a) at least one sensor permanently disposed in an injection well for sensing at least one 
parameter associated with injecting of a fluid into a formation. 

34. A downhole injection evaWtion s^em as claimed in' claim 5 33 wherein said system 
*' 20 'further mciudes'an^eiecWonic' controller' bpei^r^ connected to said at least one downhole 
sensor. 
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35. A downhole injection evaluation system as claimed in claim 34 wherein said at least 
one downhole sensor is operably connected to at least one production well sensor to provide 
said electronic controller, operably connected to said at least one downhole sensor and to said 
at least one production well sensor, with information from both sides of a fluid front moving 

5 between said injection well and said production well. 

36. A system for optimizing hydrocarbon production comprising: 

* , , a production well; f , r , „.,.... - „ ; 

r (b) . .. an injection well, said production well and said injection well being data 

10 transmittably connected; and 

(c) at least one sensor located in either of said injection well and said 
production well, .said at least one sensor being capable of sensing at 
least one parameter, associated with an injection operation, said sensor 
being operably connected to a controller for controlling injection in the 
15 injection well. . 

37. A method for avoiding ^ectiqn,^ comprising: 

(a) providing at least one acoustic sensor in an injection well; 

(b) monitoring said at least one sensor, and 

20 (c) varying pressure of a fluid being injected to avoid a predetermined threshold 

level of acoustic activity received by said at least one sensor. 
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38. A method for enhancing hydrocarbon production wherein at ieasV-ohe* injection well 
and an associated production well include at least one sensor and at least s one'' flow controller 
comprising providing a system capable of monitoring said at least one sensor in each of said 
wells and controlling said at least one flow controller in each of said -wells in response thereto 

5 to optimize hydrocarbon production. • ; -. 

39. A method of making measurements in a wellbore, comprising: 

(a) locating at least one fiber-optic sensor in the wellbore, 1 said 1 sensor providing 
measurements responsiveto one of more downhole parameters; N 
10 (b) locating a light source in the wellbore, said light source providing light energy 

to the at least one fiber optic sensor for making the measurements; and 
(c) processing the fiber optic sensor measurements and computing therefrom the 
one or more downhole parameters. 

15 40. The method according to claim 39, wherein the downhole parameters include at least 
one of (a) fluid flow rate, (b) flow of fluid through the tool, (c) vibration, (d) composition of 
wellbore fluid, (e) constituents of fluid in the wellbore, (f) constituents of the formation fluid, 
(g) water content in the formation fluid, (h) presence of gas in the formation fluid (i) fluid 
density (j) a physical condition of the tool (k) a formation evaluation property, (1) resistivity, 

2 0 (m) temperature gradient, (n) pressure gradient, and (o) seismic response of induced acoustic 
energy. 
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41. , A method of avoiding drilling into preexisting wellbore, comprising: 

-.drillings -a wellbore with .a drilling assembly carrying a drill bit wherein the drill bit 
induces acoustic energy ^.irrto?s«bsuiface formations; ^ . ; . , 

providing . at least one fiber optic.,acoustic sensor jnthe preexisting wellbore for 
5 detecting acoustic energy generated by the drill bit; i(; ... . . r 

determining from the detected signals location of the drill bit relative to the preexisting 
wellbore; and ^ • .. r y r: . 5 . r >• ■ , . , • ; / 

, ; drilling the wellbore a desired dstance^ 
drilling the wellbore into ; the preexisting wellbore, , : . L „ 

<•:'.." ? .•*'•; -..'f; -i i " :i r v j«;v- "iDi/:. . '-:> :■ ' 

s'."?. • ■»' .. om-* i/: « :v..' ■;■■?-.,-•: <v . ;* . L r .-• • , • .-* ■ 

::.*-< "Kri->x : :'■ . H- w rfv..-, >/:'..'. ^ '.o ; >■;.<' \- r. f . .* ' =. , - ■. 

• ; f " ''' v: ' v;..;. 0; ..-j-.j ...jj n» \:.r>' j^:.;;^, . r ,;■ .; ■ 

. ' ■•n:: t .:-./'.;.:/.;-.r:tli. 'i .M f. J -.' <;.. 
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